Introduction
============

Renal cell carcinoma (RCC), accounting for 90%--95% of all renal tumors in adults,[@b1-ott-11-103] comprises a heterogeneous group of epithelial neoplasms with diverse biologic potential and variable clinical outcomes.[@b2-ott-11-103] Compared with the other two major subtypes, chromophobe and papillary RCC, clear cell renal cell carcinoma (ccRCC) is the most common and associated with worse prognosis.[@b3-ott-11-103] Radical or partial nephrectomy remains the mainstay of treatment for localized RCC, but alone it provides limited benefit in patients with aggressive disease.[@b4-ott-11-103] In addition, RCC is resistant to chemotherapy and immunotherapy in most cases.[@b5-ott-11-103] Recent years have seen a rapid development of molecular targeted therapy in the treatment of advanced RCC. However, most of the treatments are not curative, and side effects associated with targeted therapy cannot be ignored.[@b6-ott-11-103]--[@b8-ott-11-103] Thus, new correlative markers and therapeutic agents for RCC are urgently needed.

Rho-associated coiled coil-containing protein kinase 1 (ROCK1) is a member of the Rho-associated serine/threonine kinase family. ROCK1 controls a wide variety of ubiquitous biological processes including the acquisition of unlimited proliferation potential, survival and evasion from apoptosis, tissue invasion, differentiation, gene expression and in particular, regulation of cell detachment, cell movement and establishment of metastasis.[@b9-ott-11-103],[@b10-ott-11-103]

Snail is a transcriptional inhibitory protein, which usually promotes cancer growth and invasion.[@b11-ott-11-103] It has been reported that Snail is highly expressed in ccRCC and is positively associated with tumor stage but negatively related to patients' prognosis.[@b12-ott-11-103] Recently, it has been documented that Snail can exert its function through regulating microRNAs (miRNAs) expression.[@b13-ott-11-103] However, the role of Snail and miRNAs in ccRCC is still poorly investigated.

miRNAs, which are single-stranded 19- to 25-nucleotide short RNAs, function as negative posttranscriptional regulators of target genes.[@b14-ott-11-103]--[@b16-ott-11-103] Recent evidence suggests that miRNAs are aberrantly expressed during the development and/or progression of a variety of human cancers.[@b17-ott-11-103],[@b18-ott-11-103] Recently, several studies have showed that miR-199a is dysregulated and represses tumor progression in chondrosarcoma[@b19-ott-11-103] and hepatocellular[@b20-ott-11-103] and ovarian cancer.[@b21-ott-11-103] In one study, increased miR-199a was observed in gastric cancer,[@b22-ott-11-103] suggesting its function as an oncogene. However, biological functions of miR-199a in the control of ccRCC aggressiveness have not been well characterized. Here, we sought to investigate the potential role of miR-199a in the development and progression of ccRCC.

Materials and methods
=====================

Cell lines and patient samples
------------------------------

A498 cell line was purchased from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China) and cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 mg/mL streptomycin in humidified air at 37°C with 5% CO~2~. ccRCC and adjacent normal tissue samples were obtained with informed consent under Institutional Review Board-approved protocols. ccRCC tissue samples from 98 patients were collected from the Affiliated Hospital of Jining Medical University, Jining, Shandong, China. The study was approved by the Institutional Review Board of Affiliated Hospital of Jining Medical University, and written informed consent was obtained from each patient.

Quantitative real-time PCR
--------------------------

Total RNA was extracted with TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA). For the detection of miR-199a, reverse transcription and quantitative real-time PCR (qRT-PCR) analysis were carried out with the use of SYBR Premix Ex Taq (Takara, Kusatsu, Japan). The primers used for miR-199a were 5′-TCAAGAGCAATAACGAAAAATGT-3′ (forward) and 5′-GCTGTCAACGATACGCTACGT-3′ (reverse). For normalization control, the U6 snRNA was used. The primers used for ROCK1 were 5′-AGGAAGGCGGACATATTAGTCCCT-3′ (forward) and 5′-AGACGATAGTTGGGTCCCGGC-3′ (reverse). The primers used for GAPDH were 5′-AACGTGTCAGTGGTGGACCTG-3′ (forward) and 5′-AGTGGGTGTCGCTGTTGAAGT-3′ (reverse). The relative expression of each gene was calculated and normalized using the 2^−∆∆Ct^ method relative to U6 snRNA or GAPDH. PCR amplification was repeated three times for each gene.

Lentivirus (LV) production and infection
----------------------------------------

The pLV-has-miR-199a plasmid, together with the control (pLV-miRNA-vector), was obtained from Biosettia Inc. (San Diego, CA, USA). We packaged viruses and infected the cells following standard protocols. We named the packaged lentiviruses as LV-miR-199a and LV-ctrl.

Plasmid construction and luciferase reporter assays
---------------------------------------------------

To carry out luciferase reporter assay, we amplified 3′-UTR segments containing the miR-199a-binding sites of ROCK1 and inserted them into the pGL3-control vector (Promega, Madison, WI, USA). Site-directed mutagenesis of the miR-199a seed sequence in the ROCK1 3′-UTR (Mut) was performed using the QuikChange™ Site-Directed Mutagenesis Kit (Stratagene, San Diego, CA, USA). Subsequently, LV-miR-199a cells were transfected with wild-type or mutant reporter plasmids, followed by evaluation of the luciferase activity with the Dual-Luciferase Reporter Assay System (Promega) 48 hours later. Full-length ROCK1 cDNA entirely lacking the 3′-UTR was purchased from GeneCopoeia (Rockville, MD, USA) and subcloned into the eukaryotic expression vector pcDNA.3 (Thermo Fisher Scientific).

Oligonucleotide transfection
----------------------------

siRNA duplex oligonucleotides targeting human Snail mRNA (sense: 5′-GGACACAGGUUCUGAAACA-3′ and anti-sense: 5′-CCUGUGUCCAAGACUUUGU-3′) and the sequence of si-negative control (si-ctrl) were designed by RiboBio (Guangzhou, China). pcDNA.3-Snail was a kind gift from Dr Ming Li (Sun Yat-Sen University, Guangzhou, China). Oligonucleotide transfection was performed with Lipofectamine 2000 reagent (Thermo Fisher Scientific).

MTT, colony formation and cell invasion assays
----------------------------------------------

MTT assay was used to analyze cell proliferation. Briefly, 4×10^3^ cells were seeded into 96-well culture plates. Subsequently, the cells were incubated with MTT. Then, the culture supernatant was removed, and dimethyl sulfoxide was added to solubilize the crystals. The absorbance value (OD) of each well was measured at 490 nm. Experiments were performed three times.

For colony formation, 24 hours after infection, 300 infected cells were placed in a fresh six-well plate and maintained in DMEM containing 10% FBS for 2 weeks. Colonies were fixed with methanol and stained with 0.1% crystal violet in 20% methanol for 15 minutes. Experiments were performed three times.

To perform invasion assays, 105 cells were added to a Matrigel invasion chamber (BD Biosciences, San Jose, CA, USA), which was present in the insert of a 24-well culture plate. Cells were plated in medium without serum, and medium containing 10% FBS in the lower chamber served as a chemoattractant. After the cells were incubated for 8 hours at 37°C in a 5% CO~2~ atmosphere, the insert was washed with PBS, and cells on the top surface of the insert were removed with a cotton swab. Invasive cells located on the lower side of the chamber were stained with crystal violet, air-dried and photographed. Experiments were performed three times.

Apoptosis assay
---------------

Apoptosis was measured using an Annexin V/fluorescein isothiocyanate apoptosis detection kit (Keygen, Nanjing, China) according to the manufacturer's instructions. Data acquisition and analyses were done on a Becton Dickinson (Franklin Lakes, NJ, USA) FACSCalibur using CellQuest software (Becton Dickinson). Each experiment was performed in triplicate.

Western blot and Northern blot analysis
---------------------------------------

Cells were lysed in RIPA buffer in the presence of proteinase inhibitor cocktail. Then, the total protein extracts were separated and transferred to polyvinylidene fluoride membranes. After blocking with 5% nonfat milk, the membranes were incubated with primary antibodies against ROCK1 and GAPDH (Santa Cruz Biotechnology Inc., Dallas, TX, USA) overnight at 4°C and then blotted for 1 hour at room temperature with an appropriate secondary antibody, followed by enhanced chemiluminescence detection reagents (Amersham Pharmacia Biotech, Little Chalfont, UK).

Small RNA Northern blot analysis was performed as previously described.[@b23-ott-11-103] Band intensities were measured using Quantity One image analysis software (Bio-Rad, Hercules, CA, USA). The RNA Northern Blot Assay Kit for miR-199a was purchased from BioCat GmbH (Heidelberg, Germany) (Cat No MP-0080-SO).

Immunofluorescence assay
------------------------

Cells were fixed in 4% formaldehyde, and then permeabilized with 0.1% Triton X-100. After blocking with BSA, these cells were incubated with tetramethylrhodamine B isothiocyanate-labeled phalloidin and observed under a fluorescence microscope.

Chromatin immunoprecipitation PCR
---------------------------------

Using Chromatin Immunoprecipitation Kit (Merck Millipore, Billerica, MA, USA), we immunoprecipitated DNA--protein complexes from A498 cells and transfected them with Snail cDNA. qRT-PCR analysis was performed to amplify the miR-199a promoter region from the precipitated DNA. The primers used in the PCR were 5′-GGAAAUCAACCCUGAAUGC-3′ (sense) and 5′-CCCAUGCCAAAGACAGGGU-3′ (anti-sense). Each experiment was performed in triplicate.

In vivo tumorigenesis
---------------------

A498 cells (4×10^6^) were transplanted into the flanks of nude mice (six mice for each group). We calculated the tumor volume using the formula: volume (mm^3^) = *L* × *W*^2^/2 (length, *L*, mm; width, *W*, mm). All animal experiments were performed according to the Institutional Animal Care and Use Committee (IACUC)-approved animal protocols and all animal experimental procedures were approved by the Experimental Animal Ethical Committee of Jining Medical University.

Statistical analysis
--------------------

All values are presented as the mean ± standard error of the mean (SEM). A one-way ANOVA or two-tailed Student's *t*-test was used for comparisons between groups. Kaplan--Meier method was used to perform the survival analysis. SPSS software package (SPSS Standard version 13.0; SPSS Inc.) was used for statistical analysis, and *P*\<0.05 was considered statistically significant.

Results
=======

Lower levels of miR-199a are frequently detected in ccRCC tissues and associated with poor prognostic phenotype
---------------------------------------------------------------------------------------------------------------

The expression levels of miR-199a were first examined by real-time PCR in 26 pairs of ccRCC and adjacent non-neoplastic renal tissues. The results showed that miR-199a was significantly downregulated in ccRCC tissues compared with adjacent non-neoplastic renal tissues ([Figure 1A](#f1-ott-11-103){ref-type="fig"}, *P*\<0.05). Furthermore, the relationship between miR-199a expression and overall survival was determined through Kaplan--Meier survival curve analysis with a log-rank comparison of 98 ccRCC patients. We observed that ccRCC patients with lower-than-median levels of miR-199a expression had poorer survival in contrast to those with higher-than-median levels of miR-199a expression, who had longer survival times ([Figure 1B](#f1-ott-11-103){ref-type="fig"}, *P*\<0.05).

miR-199a targets ROCK1 in ccRCC cells
-------------------------------------

It is generally accepted that miRNAs exert their function by regulating expression of their downstream target gene(s). miRanda and TargetScan algorithms were used to search for target genes of miR-199a. Our analysis revealed that ROCK1 was one of the potential targets of miR-199a. Indeed, the 3′-UTR of ROCK1 mRNA contains a complementary site for the seed region of miR-199a ([Figure 2A](#f2-ott-11-103){ref-type="fig"}). Subsequently, we subcloned ROCK1 wild-type (WT) or mutant (Mut) 3′-UTR ([Figure 2A](#f2-ott-11-103){ref-type="fig"}) into a luciferase reporter vector. Then, the A498 cells were co-transfected with miR-199a or scrambled control and ROCK1 wild-type or mutant 3′-UTR. It was found that miR-199a significantly inhibited the luciferase activity of the ROCK1 wild-type 3′-UTR but not that of the Mut 3′-UTR' in A498 cells ([Figure 2B](#f2-ott-11-103){ref-type="fig"}, *P*\<0.05). Furthermore, overexpression of miR-199a significantly downregulated ROCK1 mRNA and protein levels in A498 cells ([Figure 2C and D](#f2-ott-11-103){ref-type="fig"}).

Exogenetic overexpression of miR-199a suppresses proliferation and invasion but induces apoptosis in ccRCC cells
----------------------------------------------------------------------------------------------------------------

Given the fact that ROCK1 is involved in the regulation of many key cellular functions associated with malignancy,[@b24-ott-11-103] we asked whether restoration of miR-199a may suppress proliferation and invasion in ccRCC cells. As shown in [Figure 3A and B](#f3-ott-11-103){ref-type="fig"}, miR-199a overexpression significantly inhibited ccRCC cell proliferation and colony formation. However, ROCK1-overexpressing vector (pcDNA.3-ROCK1) can counteract this effect.

Next, the effect of miR-199a on invasive capacity of ccRCC cells was characterized by Matrigel invasion assays. The results demonstrated that exogenetic overexpression of miR-199a markedly reduced invasiveness of ccRCC cells, while ROCK1 restoration could partially block these effects ([Figure 3C](#f3-ott-11-103){ref-type="fig"}).

We further examined whether restoration of miR-199a may affect apoptosis in ccRCC cells. The rate of cellular apoptosis in A498 cells was examined using flow cytometric analysis with Annexin V staining. As shown in [Figure 3D](#f3-ott-11-103){ref-type="fig"}, miR-199a overexpression induced apoptosis in A498 cells, while exogenetic overexpression of ROCK1 blocked the miR-199a effect on apoptosis.

It was found that stress fiber formation was suppressed in miR-199a-treated cells. In addition, it was observed that the filopodia and lamellipodia were reduced on the cell surfaces of the miR-199a-treated cells. Interestingly, exogenetic over-expression of ROCK1 partly blocked these effects induced by miR-199a ([Figure S1A and B](#SD1-ott-11-103){ref-type="supplementary-material"}).

miR-199a inhibits tumor growth in vivo
--------------------------------------

To further confirm the suppressive roles of miR-199a in tumor growth in vivo, we initially infected A498 cells with lentiviral vectors expressing miR-199a stably (LV-miR-199a) or the negative control (LV-ctrl). Stable transfection of miR-199a into A498 cells resulted in decreased growth and tumor weight ([Figure 4A](#f4-ott-11-103){ref-type="fig"}) of subcutaneous xenograft tumors in nude mice, when compared with those stably transfected with empty vector. Furthermore, immunohistochemical staining demonstrated that the tumors originating from LV-miR-199a cells had decreased expression of Ki-67 and ROCK1, compared with that from LV-ctrl cells ([Figure 4B](#f4-ott-11-103){ref-type="fig"}). These results showed that miR-199a can inhibit tumor growth in vivo.

miR-199a levels are inversely correlated with mRNA expression of ROCK1 in ccRCC tissues
---------------------------------------------------------------------------------------

We further examined the miR-199a levels and the mRNA expression of ROCK1 in 39 ccRCC tissues. We found a significant inverse correlation between the levels of miR-199a and mRNA expression of ROCK1 in these tissues ([Figure 4C](#f4-ott-11-103){ref-type="fig"}).

Snail regulates ROCK1 expression by modulating miR-199a
-------------------------------------------------------

Like protein-coding mRNAs, miRNAs are also transcribed from their genes in genomic DNA. Therefore, the expression of each miRNA is driven by a promoter and regulated by transcription factors.[@b25-ott-11-103] We first found a conserved DNA region upstream of pri-miR-199a gene, which was reported to contain the pri-miR-199a gene promoter.[@b26-ott-11-103] With the use of Consite program (<http://consite.genereg.net/>), we found there were binding sites of transcription factor Snail in the DNA region ([Figure 5A](#f5-ott-11-103){ref-type="fig"}). The DNA region was cloned into pGL3-basic vector (Promega), and this vector was named pGL3-miR-199a pro. The luciferase assay showed that this DNA region contains the pri-miR-199a promoter ([Figure 5B](#f5-ott-11-103){ref-type="fig"}). However, when pGL3-miR-199a pro vector was co-transfected with Snail expression vector (Snail), the luciferase activity was efficiently repressed ([Figure 5C](#f5-ott-11-103){ref-type="fig"}). Moreover, qRT-PCR assay showed that Snail could inhibit the expression level of miR-199a, which was consistent with the Northern blot assay ([Figure 5D](#f5-ott-11-103){ref-type="fig"}). We further correlated the expression level of miR-199a with the Snail mRNA level in the same ccRCC tissues. As displayed in [Figure 5E](#f5-ott-11-103){ref-type="fig"}, a significant inverse correlation was found between the expression level of miR-199a and Snail mRNA. Taken together, these results demonstrate that Snail is an upstream regulator of miR-199a expression.

Discussion
==========

In this study, we focused on miR-199a and investigated its tumor-suppressive function and how miR-199a-mediated cancer pathways contributed to ccRCC progression. We observed that miR-199a expression was decreased in human ccRCC tissues compared with matching adjacent normal tissues and that miR-199a suppressed tumor growth both in vitro and in vivo.

miRNAs not only contribute to diverse biological processes but are also implicated in the progression and metastasis of human cancers.[@b27-ott-11-103] Deregulation of miRNAs is associated with several diseases including cancer.[@b18-ott-11-103] Insights into the roles of miRNAs in cancer have made them targets for novel therapeutic approaches. Recently, several miRNA-targeted therapeutics have reached clinical development.[@b28-ott-11-103] Consistent with the above findings, we found that restoration of miR-199a could suppress proliferation and invasion, but induce apoptosis in ccRCC cells. Using dual-luciferase reporter assay and Western blot analysis, we further confirmed that ROCK1 was a direct target of miR-199a.

ROCK1 is a serine/threonine kinase that belongs to the Rho family of GTPase proteins that facilitate the reorganization of the actin cytoskeleton, a pivotal event during cell motion and invasion.[@b29-ott-11-103] ROCK1 is overexpressed in various cancers, including ccRCC.[@b24-ott-11-103],[@b30-ott-11-103] ROCK1 mediates multiple pathways regulating cell proliferation, invasion and apoptosis.[@b31-ott-11-103],[@b32-ott-11-103] Our findings showed that miR-199a exerts its tumor-suppressive function in ccRCC cells partially through ROCK1. Importantly, we further found that miR-199a levels are inversely correlated with mRNA expression of ROCK1 in ccRCC tissues. It is worth noting that some other target sites of miR-199a (eg, TGF beta,[@b33-ott-11-103] c-met[@b34-ott-11-103] and mTOR[@b35-ott-11-103]) may also mediate its effect on ccRCC. Further investigation is needed to clarify the role of miR-199a in ccRCC.

Snail is a DNA-binding zinc finger protein and functions as a transcriptional repressor. It has been reported that Snail is associated with lymph node metastasis, tumor relapse and prognosis. In the current study, we revealed that Snail repressed miR-199a expression in ccRCC cells, and finally led to the activation of ROCK1. Restoration of miR-199a could partly counteract the effect of Snail on ROCK1 expression. We further found a distinct inverse correlation between the expression level of Snail mRNA and miR-199a in ccRCC tissue samples. Some other transcription factors, such as c-myc, c-jun and NF-kappa, are predicted to regulate miR-199a expression. Further investigation is warranted to explore the interaction among these transcription factors and miR-199a.

Taken together, this study found that miR-199a acts as a growth-suppressive miRNA in human ccRCC both in vitro and in vivo. As miR-199a is downregulated in ccRCC, reintroduction of this mature miRNA into the tumor tissue could provide a therapeutic strategy. Although miRNA-based therapeutics are still in their infancy, our findings on miR-199a are encouraging and suggest that this miRNA could be a potential target for the treatment of ccRCC in future.

Supplementary materials
=======================

###### 

(**A**) Ectopic expression of miR-199a disrupted the stress fiber network. Stress fibers (polymerized actin) and actin filaments were visualized by phalloidin staining. (**B**) The cell morphology alteration among miR-ctrl, miR-199a and miR-199a + ROCK1 groups observed under scanning electron microscope.

**Note**: Magnification, ×1000.

**Abbreviations**: ctrl, control; ROCK1, Rho-associated coiled coil-containing protein kinase 1.
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![Lower levels of miR-199a were frequently detected in ccRCC tissues and associated with poor prognostic phenotype. (**A**) The expression of miR-199a was significantly downregulated in ccRCC tissues compared with adjacent non-neoplastic renal tissues. (**B**) ccRCC patients with lower-than-median levels of miR-199a expression had poorer survival in contrast to those with higher-than-median levels of miR-199a expression.\
**Abbreviation:** ccRCC, clear cell renal cell carcinoma.](ott-11-103Fig1){#f1-ott-11-103}

![ROCK1 was a direct target of miR-199a in A498 cells.\
**Notes:** (**A**) Sequence alignment of miR-199a and ROCK1 3′-UTR, which contains one predicted miR-199a-binding site. The seed-recognizing sites in the ROCK1 3′-UTR is indicated in red, while the ROCK1 Mut 3′-UTR is indicated in blue. (**B**) Luciferase assay in A498 cells co-transfected with miR-199a and luciferase reporter containing ROCK1 WT or a Mut 3′-UTR. (**C**) miR-199a transfection affects ROCK1 mRNA levels. ^\*^*P*\<0.05. (**D**) miR-199a transfection affects ROCK1 protein levels.\
**Abbreviations:** ctrl, control; Mut, mutant; ROCK1, Rho-associated coiled coil-containing protein kinase 1; WT, wildtype.](ott-11-103Fig2){#f2-ott-11-103}

![Restoration of miR-199a suppressed proliferation and colony formation, but induced apoptosis in ccRCC cells.\
**Notes:** (**A**) Restoration of miR-199a inhibited A498 cell proliferation. (**B**) Overexpression of miR-199a impeded colony-forming ability of A498 cells. (**C**) Exogenetic overexpression of miR-199a markedly reduced invasiveness of A498 cells, while ROCK1 restoration could partially block these effects (magnification, ×400). (**D**) miR-199a overexpression induced apoptosis in A498 cells, while exogenetic overexpression of ROCK1 blocked the miR-199a effect on apoptosis. \**P*\<0.05.\
**Abbreviations:** ccRCC, clear cell renal cell carcinoma; ctrl, control; ROCK1, Rho-associated coiled coil-containing protein kinase 1.](ott-11-103Fig3){#f3-ott-11-103}

![miR-199a inhibited tumor growth in vivo.\
**Notes:** (**A**) Stable transfection of miR-199a into A498 cells resulted in decreased growth and tumor weight. \**P*\<0.05. (**B**) Immunohistochemical staining demonstrated that the tumors originating from LV-miR-199a cells had decreased expression of Ki-67 and ROCK1, compared with that from LV-ctrl cells (magnification, ×400). (**C**) We found an inverse correlation between the levels of miR-199a and mRNA expression of ROCK1.\
**Abbreviations:** ctrl, control; LV, lentiviral vectors; ROCK1, Rho-associated coiled coil-containing protein kinase 1.](ott-11-103Fig4){#f4-ott-11-103}

###### 

Snail regulated miR-199a expression.

**Notes:** (**A**) The putative binding sites of transcription factor Snail in the DNA region of miR-199a. (**B**) The pGL3-miR-199a pro vector was capable of directing luciferase expression. (**C**) Luciferase activity was efficiently repressed when pGL3-miR-199a pro vector was co-transfected with pcDNA.3-Snail. (**D**) The qRT-PCR and Northern blot analysis showed that Snail decreased miR-199a expression. (**E**) Inverse correlation between miR-199a expression and Snail mRNA level in primary ccRCC tissues. \**P*\<0.05.

**Abbreviations:** Luc, luciferase; qRT-PCR, quantitative real-time PCR; ccRCC, clear cell renal cell carcinoma.
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